Impact Statement: Using a specialized camera that corrects for eye blur, millions of single blood cells are 9 imaged and their speed measured, as they travel through the largest-to-smallest vessels of the retina. 
Introduction

20
Retinal neurons have exceptionally high metabolic activity and demand timely and adequate nutrition and waste 21 removal (Pournaras, Rungger-Brändle, Riva, Hardarson, & Stefansson, 2008) . Serving this need, the retinal 22 circulation supplies the bulk of the inner retina with a stratified network of vessels, while the choroidal circulation 23 supplies the photoreceptors. Anatomically, the inner retina is fed by a single central retinal artery while return is 24 mediated by the central retinal vein in the holangiotic retina (Michaelson, 1954) . However, functional 25 characterization of perfusion has been more difficult, especially in the smaller vessels where imaging single blood 26 cells without using invasive foreign dyes requires exquisite spatiotemporal resolution and contrast. Understanding 27 perfusion kinetics at this scale is critical to understanding the entire connected network, especially since blood 28 flow dynamics are tightly linked to physiologically relevant neural loads (neural-glial-vascular coupling).
29
Moreover, understanding blood flow at this scale is important to characterize conditions of health and disease 30 which place important constraints on single file blood flow where nutrient delivery and waste product removal 31 measurements in larger vessels containing hundreds of thousands of blood cells flowing per second. In this study, 84 we provide such a computational approach, thus improving upon seminal adaptive optics strategies (Tam, 85 Tiruveedhula, et al., 2011; Zhong et al., 2008) which used manual velocity determinations, which could take 86 hours to days of analysis time by a human operator. Lengthy analysis times also preclude the use of such 87 techniques in a clinical setting. Furthermore, there is a paucity of studies of absolute retinal blood flow in the 88 mouse, the most widely used laboratory animal, testament to the difficulty of measuring the same in its rather 89 small eye, with even the largest vessels being only a quarter the size of the largest human retinal vessel.
90
Characterization of normative blood flow in the complete vascular tree of the C57BL/6J mouse will propagate 91 future research in a vast number of mouse models of retinal disease and systemic vascular disease.
92
In this study, we innovate imaging strategies as well as deploy custom algorithms to image single blood cells Resources at the University of Rochester, Rochester, New York, USA, were followed. Mice were treated Ophthalmic and Vision Research.
119
Animal preparation for imaging 120 Mice were anesthetized in two stages, first with an intraperitoneal injection (IP) of ketamine/xylazine (100 mg kg -121 1 ketamine, 10 mg kg -1 xylazine), and second with a gas mixture of 0.8-1% (v/v) isoflurane. Supplemental oxygen 122 was delivered through a nose cone to maintain anesthesia throughout the imaging session, which typically 123 spanned ~2 hours. Body temperature was maintained at 37°C using a supplemental heat pad. The pupils were 124 dilated with a drop of 2.5% phenylephrine (Akorn, Lake Forest, Illinois, USA) and 1% tropicamide (Sandoz,
125
Basel, Switzerland). A custom rigid contact lens with 0 to +10D correction and a base curve of 1.6mm (Advanced
126
Vision Technologies, Lakewood, Colorado, USA) was used in combination with ophthalmic lubricant (GenTeal,
127
Alcon Laboratories, Inc., Fort Worth, Texas, USA) to maintain corneal hydration during in vivo imaging. Mice
128
were stabilized on a stereotaxic stage with a bite bar (Bioptigen, Research Triangle Park, North Carolina, USA).
129
In vivo imaging could be performed for extended periods of time (typically ~2 hours, with a maximum of ~3 130 hours). Animals were allowed to recover from anesthesia after imaging and subsequently returned to their cages 131 for use in future experiments. The imaging instrument was in free space, meaning it had no physical contact with 132 the mouse eye or the contact lens. This was critical to maintain normal pressure dynamics of the eye. layer of interest in the retina without using additional optics. The light reflected from the retina followed a similar 159 path as the light into it, and in the detection arm was spectrally split into a near infrared and visible channel to be 160 finally imaged onto photomultiplier tubes (PMTs) (H7422-40 and H7422-50, Hamamatsu, Shizuoka-Ken, Japan) 161 through confocal pinholes (size given below).
162
In vivo lateral and axial resolution 163 The confocality of our imaging system provided tight axial sectioning of the retina by rejecting out of focus light, Adapting their results for our imaging wavelengths, the measured in vivo lateral resolution of our system is 1. diameter, pulsatile velocity and flow were measured using oblique angle scanning (described below). In 191 capillaries, average cell velocity and average flow rate was measured using orthogonal scanning (described for analysis of vessel geometry w.r.t. fast scan (angle ϕ in Figure 1B and Eq. 1), and to create a map of the 205 vascular tree. Correction of eye motion and creation of averaged 2D images are described in subsequent sections. technique (Yang et al., 2015) . 2D retinal motion was corrected in post-processing using image cross-correlation.
225
Such an approach has been described previously (Dubra & Harvey, 2010) . The registered video stack was 
276
Automated measurement of blood cell velocity using Radon Transform
277
To quantify cellular-level velocity, the slope of cell streaks in each ROI was determined automatically using a standard deviation corresponded the dominant orientation describing cell velocity in Eq. 1 ( Figure 3D ).
12
The rotational increment for the Radon transform was chosen to sample a biological range of blood cell velocities was used by mapping a trigonometrically scaled angle search space for the Radon transform, using Eq. 1.
289
Determination of strength of velocity signal in each analysis window
290
For each ROI (analysis window), a signal to noise ratio (SNR) was determined to avoid reporting velocities in cycles were phase-matched and averaged to produce a high signal-to-noise average cardiac cycle ( Figure 4G ).
333
The heart rate was measured reporting the inverse time of the average cardiac cycle. The maximum, minimum The measured profiles were fit with several models of blood flow ( Figure 6B ). Symmetric flow was assumed in 348 all models by constraining the fit to the position of maximum measured velocity, and an equal number of data 349 points to each side of it. The RBC flow profile was modelled as described by (Zhong et al., 2011) .
351
Where, V(r) is velocity at radial position r in a vessel, R is the maximum radial position (half of measured lumen 352 diameter), Vmax is the maximum velocity (or centerline velocity, assuming symmetric flow), β is a custom factor 353 that is directly equal to the extrapolated RBC velocity at the lumen edges, and B is a custom bluntness index.
354
Additionally, the plasma velocity profile was modelled assuming zero velocity at the lumen edges, to satisfy the Figure 7H ).
384
For lumen measures using sodium fluorescein, lumen edges were identified as the half-height points, using the 385 peak intensity of the profile as reference ( Figure 7I ). Lumen diameters for all 90 capillaries were measured in our 386 previous publication (Guevara-Torres et al., 2016) using split-detection contrast to measure inner wall to inner 387 wall distance. 
395
Statistics
396
Data are reported as mean (standard deviation) unless otherwise mentioned. Shaded regions in plots represent the 397 mean ± 1 SD, unless otherwise mentioned. The number of samples used in variation is given wherever possible.
398
All analysis was performed using MATLAB R2017a (The MathWorks, Inc., Massachusetts, USA).
399
Results
400
Performance, visualization, confirmation and limits of single blood cell velocity determination 401 Single blood cells were directly imaged using the confocal mode of AOSLO (Figure 1 ). 2D raster video captured 
406
Based on the shallowest angle of beam intersection, the maximum velocity that could be measured using this
407
technique was 1275 mm s -1 , which far exceeds the possible velocities of blood cells in the retinal circulation.
408
Given the liberal range of angles we searched, the velocity bandwidth of the measurements ranged from 0.03- 
423
The algorithm also performed exceptionally to report only the velocities inside the vessel lumen. Though analysis The velocity of eye motion was at least 23 times smaller than the velocity of blood cells ( Figure 5A ). Moreover, 449 the frequency and phase eye motion did not match the pulsatile velocity modulations ( Figure 5B ).
450
Together, these findings rule out that the velocity signal is an artifact of either respiration or cardiac cycle related 451 eye motion. We confirmed measurements of heart rate with external paw-clip pulse oximetry (PhysioSuite, Kent running-average of the pulse oximeter measurement whereas our measurement was nearly instantaneous between 456 adjacent beats.
457
Vessel specific differences in pulsatile flow 458 While pulsatile flow was observed in retinal blood vessels of all sizes including arterioles, capillaries and venules,
459
there were waveform differences in these branches. Generally, arterioles had a steep leading edge of the velocity 460 waveform whereas venules had a dampened waveform, due to vascular compliance and network hemodynamics (Table 1 , first row). In Figure 8B , mean flow rate, in one 536 mouse, is shown overlaid on structural AOSLO images of these vessels around the optic disk. Assuming 3-7 537 primary arterioles and venules per mouse retina, we estimated the range for total blood flow to the normal mouse flow rate and diameter (Murray, 1926; Sherman, 1981) . In close agreement, mean flow rate was observed to have The mouse model, with a completely sequenced genome, has become a widely used tool in medical research in 601 the last two decades. Despite this, there is a paucity of retinal blood flow studies in the mouse, as we detail in 602   Table 1 . Our imaging technique allows recovery of mice after anesthesia, allowing them to be returned to their 603 cages, enabling longitudinal in vivo imaging in the same mouse without the need for sacrificing it. Vascular maps 604 obtained during imaging provide the ability to track the same retinal location in the same animal over weeks to 605 months, critical for diagnosing progression and treatment efficacy in mouse models of diseases like diabetes.
606
Moreover, measurements were performed using safe infrared light levels, to which the eye is insensitive, setting the vessels lumen is often the size, if not smaller than the undeformed red blood cell (Skalak & Branemark, 1969) .
638
In addition to the bio-rheological shear that is observed at this level, measurement of blood flow in vessels of We measured particulate flow in the retinal vascular tree in two modalities. In vessels with >7 µm diameter, we approach enables early detection of functional changes in these tiny vessels in microvascular diseases.
697
Beyond total retinal blood flow -studying complete range of vessel sizes
698
In the mouse, the total supply to the retina (or total retinal blood flow), by summing the mean flows from all 699 primary arterioles or venules, has been a popular biomarker for evaluating the healthy and diseased retina (Table   700 1). While the total blood supply to the retina is one biomarker of vascular health, changes happening in lower 
704
In an interconnected vascular network, a disruption in flow at any point can affect other parts of the network. This 705 basic feature of a flow network is at the root of the difficulty in studying many vascular diseases of the eye.
706
Disruptions in flow at different locations on the vascular tree can have a spectrum of severity and impact on the higher in these studies compared to our measured values. As a result, the mean flow per vessel was greater by a 749 factor of ~8 in intravital microscopy studies than those reported by both our current study and previous en face could contribute to variability, it is unlikely to be the only cause of the large differences in measured values.
757
Using incorrect image magnification on the mouse retina is one possible source of the disparity in measured implemented by having an additional rotational degree of freedom on the mouse stage, which enable rotating the 777 mouse head and thus the view of the retina by ±30°, vessels which were near orthogonal to the scanning beam still 778 remained challenging to image. Future work will look at optically rotating the beam so that all vessels around the 779 optic disk can be measured to give a more precise value of total blood flow. We refrained from using the diameter of the first-generation vessels in which velocity could not be measured. Our data shows that for the most 782 populous vessels of the mammalian eye, which are tens of microns wide or less, diameter alone is not an accurate 783 predictor of flow ( Figure 10B ).
784
Finally, we have demonstrated that eye motion minimally impacts our blood velocity measurements in the 785 anesthetized mouse. However, rapid and saccadic eye motion in both the awake behaving mouse and the human 786 being will pose a challenge to our linescan technique. Such a challenge can be mitigated by restricting the analysis 787 window to epics of relatively low eye motion (gating out saccades/blinks). Only a few seconds of such linescan 788 data is needed from each vessel to get a reliable measurement of an array of hemodynamic biomarkers. Even 2-4 789 seconds of contiguous data will cover multiple cardiac cycles in the human, and our automated algorithm will be 790 able to report velocities from hundreds of thousands of cells.
791
Conclusions and future directions 792
This study has shown that we can non-invasively study an array of functional biomarkers in mouse retinal blood 793 vessels of size 3-46 µm, without using exogenous fluorophores. These microscopic vessels impart a large fraction 794 of the total resistance to blood flow in the body. Therefore, they are often implicated in many a vascular disease,
795
but their small size, tissue scattering properties and aberrations have made them difficult to study in vivo.
796
It has long been proposed that the eye may serve as a window to the brain. The brain is optically inaccessible, 
807
While all of the above techniques have made important advances in our understanding of microcirculation in 808 neural tissues, the use of exogenous blood contrast agents raises the concern of maintenance of natural blood 809 perfusion, especially at the capillary level. Furthermore, such invasive techniques cannot be applied to humans. 
